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A generalised Grad-Shafranov equation that governs the equilibrium of an axisymmetric
toroidal plasma with anisotropic pressure and incompressible flow of arbitrary direction is de-
rived. This equation includes six free surface functions and recovers known Grad-Shafranov-
like equations in the literature as well as the usual static, isotropic one. The form of the
generalised equation indicates that pressure anisotropy and flow act additively on equilib-
rium. In addition, two sets of analytical solutions, an extended Solovev one with a plasma
reaching the separatrix and an extended Hernegger-Maschke one for a plasma surrounded by a
fixed boundary possessing an X-point, are constructed, particularly in relevance to the ITER
and NSTX tokamaks. Furthermore, the impacts both of pressure anisotropy and plasma
flow on these equilibria are examined. It turns out that depending on the maximum value
and the shape of an anisotropy function, the anisotropy can act either paramagnetically or
diamagnetically. Also, in most of the cases considered both the anisotropy and the flow have
stronger effects on NSTX equilibria than on ITER ones.
I. INTRODUCTION
It has been established in a number of fusion devices that sheared flow both zonal and
mean (equilibrium) play a role in the transitions to improved confinement regimes as the L-H
transition and the Internal Transport Barriers [1], [2]. These flows can be driven externally
in connection with electromagnetic power and neutral beam injection for plasma heating and
current drive or can be created spontaneously (zonal flow). An additional effect of external
heating, depending on the direction of the injected momentum, is pressure anisotropy which
also may play a role in several magnetic fusion related problems.
In many important plasmas as the high temperature ones the collision time is so long
that collisions can be ignored. It would appear that for such collisionless plasmas a fluid
theory should not be appropriate. However, for perpendicular motions because of gyromotion
the magnetic field plays the role of collisions, thus making a fluid description appropriate.
Macroscopic equations for a collisionless plasma with pressure anisotropy have been derived
by Chew, Goldberger, and Low [3] on the basis of a diagonal pressure tensor consisting of
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2one element parallel to the magnetic field and a couple of identical perpendicular elements
associated with two degrees of freedom.
The MHD equilibria of axisymmetric plasmas, which can be starting points of stability
and transport studies, is governed by the well known Grad-Shafranov (GS) equation. The
most widely employed analytic solutions of this equation is the Solovev solution [4] and
the Hernegger-Maschke solution [5], the former corresponding to toroidal current density
non vanishing on the plasma boundary and the latter to toroidal current density vanishing
thereon. In the presence of flow the equilibrium satisfies a generalised Grad-Shafranov (GGS)
equation together with a Bernoulli equation involving the pressure (see for example [6–8]).
For compressible flow the GGS equation can be either elliptic or hyperbolic depending on the
value of a Mach function associated with the poloidal velocity. Note that the toroidal velocity
is inherently incompressible because of axisymmetry. In the presence of compressibility the
GGS equation is coupled with the Bernoulli equation through the density which is not uniform
on magnetic surfaces. For incompressible flow the density becomes a surface quantity and
the GGS equation becomes elliptic and decouples from the Bernoulli equation (see section
II). Consequently one has to solve an easier and well posed elliptic boundary value problem.
In particular for fixed boundaries, convergence to the solution is guaranteed under mild
requirements of monotonicity for the free functions involved in the GGS equation [9]. For
plasmas with anisotropic pressure the equilibrium equations involve a function associated
with this anisotropy [Eq. (8) below]. To get a closed set of reduced equilibrium equations an
assumption on the functional dependence of this function is required (cf. [10]-[16] for static
equilibria and [17]-[23] for stationary ones).
In this work we derive a new GGS equation by including both anisotropic pressure and
incompressible flow of arbitrary direction. This equation consists of six arbitrary surface
quantities and recovers known equations as particular cases, as well as the usual GS equation
for a static isotropic plasma. Together we obtain a Bernoulli equation for the quantity p
[Eq. (9)], which may be interpreted as an effective isotropic pressure. For the derivation we
assume that the function of pressure anisotropy is uniform on magnetic surfaces. In fact, as it
will be shown, for static equilibria as well as for stationary equilibria either with toroidal flow
or incompressible flow parallel to the magnetic field, this property of the anisotropy function
follows if the current density shares the same surfaces with the magnetic field. Then for appro-
priate choices of the free functions involved we obtain an extended Solovev solution describing
configurations with a non-predefined boundary, and an extended Hernegger-Maschke solution
with a fixed boundary possessing an X-point imposed by Dirichlet boundary conditions. On
the basis of these solutions we construct ITER-like, as well as NSTX and NSTX-Upgrade-
like equilibria for arbitrary flow, both diamagnetic and paramagnetic, to examine the impact
both of pressure anisotropy and plasma flow on the equilibrium characteristics. The main
conclusions are that the pressure anisotropy and the flow act on equilibrium in an additive
way, with the anisotropy having a stronger impact than that of the flow. Also the effects of
flow and anisotropy are in general more noticeable in spherical tokamaks than in conventional
ones.
The GGS equation for plasmas with pressure anisotropy and flow is derived in section II.
In section III the generalised Solovev and Hernegger-Maschke solutions are obtained and em-
ployed to construct ITER and NSTX pertinent configurations. Then the impact of anisotropy
and flow on equilibrium quantities, as the pressure and current density, are examined in sec-
tion IV. Section V summarizes the conclusions.
3II. THE GENERALISED GRAD-SHAFRANOV EQUATION
The ideal MHD equilibrium states of an axially symmetric magnetically confined plasma
with incompressible flow and anisotropic pressure are governed by the following set of equa-
tions:
~∇ · (ρ~v) = 0 (1)
ρ(~v · ~∇)~v = ~J × ~B − ~∇· ↔P (2)
~∇× ~B = µ0 ~J (3)
~∇× ~E = 0 (4)
~∇ · ~B = 0 (5)
~E + ~v × ~B = 0 (6)
The diagonal pressure tensor
↔
P , introduced in [3], consists of one element parallel to the
magnetic field, p‖, and two equal perpendicular ones, p⊥, and is expressed as
↔
P= p⊥
↔
I +
σd
µ0
~B ~B (7)
where the dimensionless function
σd = µ0
p‖ − p⊥
| ~B|2 (8)
is a measure of the pressure anisotropy. Particle collisions in equilibrating parallel and per-
pendicular energies will reduce σd and therefore a collision-dominated plasma can be de-
scribed accurately by a scalar pressure. However, because of the low collision frequency a
high-temperature confined plasma remains for long anisotropic, once anisotropy is induced
by external heating sources.
At this point we define the quantity
p =
p‖ + p⊥
2
(9)
which may be interpreted as an effective isotropic pressure, and which should not be confused
with the average plasma pressure
< p >=
1
3
Tr(
↔
P ) =
p‖ + 2p⊥
3
= p− σd B
2
6µ0
(10)
4On the basis of Eqs. (8) and (9), the following instructive relations arise for the two scalar
pressures:
p⊥ = p− σd B
2
2µ0
(11)
and
p‖ = p+ σd
B2
2µ0
(12)
Owing to axisymmetry, the divergence-free fields, i.e., the magnetic field, the current density,
~J , and the momentum density of the fluid element, ρ~v, can be expressed in terms of the
stream functions ψ(R, z), I(R, z), F (R, z) and Θ(R, z) as
~B = I ~∇φ+ ~∇φ× ~∇ψ (13)
~J =
1
µ0
(∆∗ψ~∇φ− ~∇φ× ~∇I) (14)
and
ρ~v = Θ~∇φ+ ~∇φ× ~∇F (15)
Here, (R, φ, z) denote the usual right-handed cylindrical coordinate system; constant ψ
surfaces are the magnetic surfaces; F is related to the poloidal flux of the momentum density
field, ρ~v; the quantity I = RBφ is related to the net poloidal current flowing in the plasma and
the toroidal field coils; Θ = ρRvφ; ∆
∗ is the elliptic operator defined by ∆∗ ≡ R2~∇ · (~∇/R2);
and ~∇φ ≡ eˆφ/R.
Equations (1)-(6) can be reduced by means of certain integrals of the system, which are
shown to be surface quantities. To identify two of these quantities, the time independent
electric field is expressed by ~E = −~∇Φ and the Ohm’s law, (6), is projected along ~∇φ and
~B, respectively, yielding
~∇φ · (~∇F × ~∇ψ) = 0 (16)
and
~B · ~∇Φ = 0 (17)
Equations (16) and (17) imply that F = F (ψ) and Φ = Φ(ψ). An additional surface quantity
is found from the component of Eq. (6) perpendicular to a magnetic surface:
Φ
′
=
1
ρR2
(IF
′ −Θ) (18)
where the prime denotes differentiation with respect to ψ. On the basis of Eq. (18) the
velocity [Eq. (15)] can be written in the form
~v =
F
′
ρ
~B −R2Φ′ ~∇ψ (19)
5Thus, ~v is decomposed into a component parallel to ~B and a non parallel one associated with
the electric field in consistence with the Ohm’s law (6). Subsequently, by projecting Eq. (2)
along ~∇φ we find a fourth surface quantity of the system:
X(ψ) ≡ (1− σd −M2p )I + µ0R2F
′
Φ
′
(20)
Here we have introduced the poloidal Mach function as:
M2p ≡ µ0
(F
′
)2
ρ
=
v2pol
B2pol/µ0ρ
=
v2pol
v2Apol
(21)
where vApol =
Bpol√
µ0ρ
is the Alfve´n velocity associated with the poloidal magnetic field. From
Eqs. (18) and (20) it follows that, neither I is a surface quantity, unlike the case of static,
isotropic equilibria, nor Θ.
With the aid of Eqs. (16)-(19) and (20), the components of Eq. (2) along ~B and per-
pendicular to a magnetic surface are put in the respective forms
~B ·
{
~∇
[
v2
2
+
ΘΦ
′
ρ
]
+
1
ρ
~∇p
}
= 0 (22)
and {
~∇ ·
[
(1− σd −M2p )
~∇ψ
R2
]
+
[
µ0
F
′
F
′′
ρ
− (1− σd)′
]
|~∇ψ|2
R2
− µ0σ′d
B2
2µ0
}
|~∇ψ|2
+
{
µ0ρ~∇
(
v2
2
)
− µ0ρ
2R2
~∇
(
Θ
ρ
)2
+
(1− σd)
2R2
~∇I2 + µ0~∇p
}
· ~∇ψ = 0 (23)
Therefore, irrespective of compressibility the equilibrium is governed by the equations (22)
and (23) coupled through the density, ρ, and the pressure anisotropy function, σd. Equation
(23) has a singularity when σd +M
2
p = 1, and so we must assume that σd +M
2
p 6= 1.
In order to reduce the equilibrium equations further, we employ the incompressibility
condition
~∇ · ~v = 0 (24)
Then Eq. (1) implies that the density is a surface quantity,
ρ = ρ(ψ) (25)
and so is the Mach function
M2p = M
2
p (ψ) (26)
In addition to obtain a closed set of equations following [10, 11, 16, 20] we assume that σd is
uniform on magnetic surfaces
σd = σd(ψ) (27)
For static equilibria this follows from Eq. (20), which becomes X(ψ) = −Iσd, if in the
presence of anisotropy the current density remains on the magnetic surfaces (I = I(ψ)).
Since Mp = Mp(ψ), the same implication for σd holds for parallel incompressible flow as well
6as for toroidal flow. Also, the hypothesis σd = σd(ψ), according to [10], may be the only
suitable for satisfying the boundary conditions on a rigid, perfectly conducting wall.
From Eqs. (18) and (20) it follows that axisymmetric equilibria with purely poloidal flow
(Θ = 0) cannot exist because of the following contradiction: from Eq. (20) it follows that
I = X(ψ)1−σd(ψ) is a surface function, but also, I =
ρ(ψ)Φ
′
(ψ)
F ′ (ψ)
R2 from Eq. (18), implying that I
has an explicit dependence on R; so it cannot be a surface function. On the other hand, there
can exist an equilibrium with purely toroidal flow, either “compressible”, in the sense that
the density varies on the magnetic surfaces, or an incompressible one with uniform density
ρ(ψ) thereon. For isotropic plasmas both kinds of these equilibria were examined in [24].
With the aid of Eq. (25), Eq. (22) can be integrated to yield an expression for the effective
pressure, i.e.,
p = ps(ψ)− ρ
[
v2
2
− (1− σd)R
2(Φ
′
)2
1− σd −M2p
]
(28)
Therefore, in the presence of flow the magnetic surfaces in general do not coincide with the
surfaces on which p is uniform. In this respect, the term containing ps(ψ) is the static part
of the effective pressure which does not vanish when ~v = 0.
Finally, by inserting Eq. (28) into Eq. (23) after some algebraic manipulations, the latter
reduces to the following elliptic differential equation,
(1− σd −M2p )∆∗ψ +
1
2
(1− σd −M2p )
′ |~∇ψ|2 + 1
2
(
X2
1− σd −M2p
)′
+ µ0R
2p
′
s + µ0
R4
2
[
(1− σd)ρ(Φ′)2
1− σd −M2p
]′
= 0 (29)
This is the GGS equation that governs the equilibrium for an axisymmetric plasma with
pressure anisotropy and incompressible flow. For flow parallel to the magnetic field the
R4-term vanishes. For vanishing flow Eq. (29) reduces to the one derived in [11], when
the pressure is isotropic it reduces to the one obtained in [8], and when both anisotropy
and flow are absent it reduces to the well known GS equation. Equation (29) contains six
arbitrary surface quantities, namely: X(ψ), Φ(ψ), ps(ψ), ρ(ψ), M
2
p (ψ) and σd(ψ), which can
be assigned as functions of ψ to obtain analytically solvable linear forms of the equation or
from other physical considerations.
A. Isodynamicity
There is a special class of static equilibria called isodynamic for which the magnetic field
magnitude is a surface quantity (| ~B| = | ~B(ψ)|) [25]. This feature can have beneficial ef-
fects on confinement because the grad-B drift vanishes and consequently plasma transport
perpendicular to the magnetic surfaces is reduced. Also, it was proved that the only possi-
ble isodynamic equilibrium is axisymmetric [26]. For fusion plasmas the thermal conduction
along ~B is fast compared to the heat transport perpendicular to a magnetic surface, so a good
assumption is that the parallel temperature is a surface function, T‖ = T‖(ψ). Then, assum-
ing that the plasma obeys the ideal gas law, it follows that the parallel pressure becomes also
a surface function, p‖ = p‖(ψ).
7With the aid of these assumptions, and on the basis of Eqs. (19) and (22) it follows that
the magnitude of the magnetic field is related with the perpendicular pressure as
| ~B|2 = 2G(ψ)
M2p (ψ)
−
(
p⊥ − ρR2(Φ′)2
) 1
M2p (ψ)
(30)
where G(ψ) ≡ ρ
[
v2
2 +
ΘΦ
′
ρ
]
+ p⊥2 . We note that | ~B|2 becomes a surface function when the
perpendicular pressure satisfies the relation p⊥ = ρR2(Φ
′
)2. This implies that
σd = σd(ψ,R) = µ0
p‖(ψ)
| ~B|2(ψ) −R
2µ0
ρ(ψ)(Φ
′
)2(ψ)
| ~B|2(ψ) (31)
which is in contradiction with the hypothesis that the function σd is a surface quantity.
Consequently, the only possibility for isodynamic magnetic surfaces to exist is that for field
aligned flow, Φ
′
= 0, because then Eq. (30) reduces to
| ~B|2 = 2G(ψ)
M2p (ψ)
− p⊥
M2p (ψ)
(32)
Eqs. (8) and (32) imply that both | ~B|2 = | ~B|2(ψ) and p⊥ = p⊥(ψ).
Thus, the conclusions for the isotropic case [8] are generalised for anisotropic pressure, i.e.
all three B, p‖ and p⊥ become surface quantities. We note here that the more physically
pertinent case that B and p⊥ remain arbitrary functions would require either compressibility
or eliminating the assumption σd = σd(ψ). However, in this case tractability is lost and the
problem requires numerical treatment.
B. Generalised Transformation
Using the transformation
u(ψ) =
∫ ψ
0
√
1− σd(g)−M2p (g)dg, σd +M2p < 1 (33)
Eq. (29) reduces to
∆∗u+
1
2
d
du
(
X2
1− σd −M2p
)
+ µ0R
2dps
du
+ µ0
R4
2
d
du
[
(1− σd)ρ
(
dΦ
du
)2]
= 0 (34)
Transformation (33) does not affect the magnetic surfaces, it just relabels them by the flux
function u, and is a generalisation of that introduced in [27] for isotropic equilibria with
incompressible flow (σd = 0) and that introduced in [11] for static anisotropic equilibria
(M2p = 0). Note that no quadratic term as |~∇u|2 appears anymore in (34). Once a solution
of this equation is found, the equilibrium can be completely constructed with calculations in
the u-space by using (33) and the inverse transformation
ψ(u) =
∫ u
0
(1− σd(g)−M2p (g))−1/2dg (35)
Before continuing to the construction of analytical solutions, we find it convenient
to make a normalization by introducing the dimensionless quantities: ξ = R/Ri, ζ =
8z/Ri, p˜ = p/(B
2
i /µ0), ρ˜ = ρ/ρi, u˜ = u/BiR
2
i , I˜ = I/BiRi,
~˜E = ~E/vAiBi,
~˜B = ~B/Bi, ~˜J =
~J/(Bi/µ0Ri), ~˜v = ~v/vAi . The index i can be either a or 0, where a denotes the magnetic axis,
and 0 the geometric center of a configuration. Thus, the normalization constants are defined
as follows: Ri is the radial coordinate of the configuration’s magnetic axis/geometric center,
and Bi, ρi, vAi =
Bi√
µ0ρi
are the magnitude of the magnetic field, the plasma density, and the
Afve´n velocity thereon. Consequently, with the use of the generalised transformation (33),
Eqs. (13)-(15), (20), (28), and (34), are put in the following normalized forms in u-space:
~˜B = I˜ ~˜∇φ+ (1− σd −M2p )−1/2 ~˜∇φ× ~˜∇u˜ (36)
~˜v =
Mp√
ρ˜
~˜B − ξ2(1− σd −M2p )1/2
(
dΦ˜
du˜
)
~˜∇φ (37)
~˜J =
[
(1− σd −M2p )−1/2∆˜∗u˜−
1
2
(1− σd −M2p )−3/2
d
du˜
(1− σd −M2p )| ~˜∇u˜|2
]
~˜∇φ
− ~˜∇φ× ~˜∇I˜ (38)
X˜ = (1− σd −M2p )
[
I˜ + ξ2
(
dF˜
du˜
)(
dΦ˜
du˜
)]
(39)
p˜ = p˜s(u˜)− ρ˜
 v˜2
2
− (1− σd)ξ2
(
dΦ˜
du˜
)2 (40)
and
∆˜∗u˜+
1
2
d
du˜
(
X˜2
1− σd −M2p
)
+ ξ2
dp˜s
du˜
+
ξ4
2
d
du˜
(1− σd)ρ˜
(
dΦ˜
du˜
)2 = 0 (41)
where ∆˜∗ = ∂
2
∂ξ2
+ ∂
2
∂ζ2
− 1ξ ∂∂ξ . In section III for appropriate choices of the surface functions,
Eq. (41) will be linearised and solved analytically.
C. Plasma beta and safety factor
The safety factor, measuring the rate of change of toroidal flux with respect to poloidal
flux through an infinitesimal annulus between two neighboring flux surfaces, is given by the
following expression
q ≡ dψtor
dψpol
=
1
2pi
∮
Idl
R|~∇ψ| (42)
9Expressing the length element dl in Shafranov coordinates (r, θ) [28] the above formula be-
comes
q =
1
2pi
∫ 2pi
0
I
√
r2 +
(
ψθ
ψr
)2
R|~∇ψ| dθ (43)
where, ψθ =
∂ψ
∂θ , and ψr =
∂ψ
∂r . On the basis of the generalised transformation (33) and the
adopted normalization, Eq. (43) is put in the following form
q =
1
2pi
∫ 2pi
0
I˜(u˜, ξ)
√
r˜2 +
(
u˜θ
u˜r
)2
(1− σd −M2p )−1/2ξ| ~˜∇u˜|
dθ (44)
from which we can calculate numerically the safety factor profile.
For the local value of the safety factor on the magnetic axis there exists the simpler analytic
expression
qa = (1− σd −M2p )1/2
I˜
ξ
{
∂2u˜
∂ξ2
∂2u˜
∂ζ2
}−1/2
ξ=ξa,ζ=ζa
(45)
obtained by expansions of the flux function close to the magnetic axis. From equations (39)
and (45), one observes that when the flow is parallel to the magnetic field, dΦdu = 0, then
the value of qa has no dependence on the anisotropy. Indeed qa becomes independent on
σda , where σda is the local value of the anisotropy function on the magnetic axis, σda =
σd|R=Ra,z=za .
In the case of anisotropic pressure we represent the plasma pressure by the effective pres-
sure, so that the plasma beta can be defined as
β ≡ p
B2/2µ0
(46)
It also useful to define separate toroidal and poloidal quantities β measuring confinement
efficiency of each component of the magnetic field. The toroidal beta to be used here is
βt =
p
B20/2µ0
(47)
Recent experiments on the National Spherical Torus Experiment (NSTX) have made signifi-
cant progress in reaching high toroidal beta βt ≤ 35% [29], while on ITER the beta parameter
is expected to take low values, βt ∼ 2% [30].
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III. ANALYTIC EQUILIBRIUM SOLUTIONS
A. Solovev-like solution
According to the Solovev ansatz, the free function terms in the GGS equation are chosen
to be linear in u˜ as
p˜s = p˜sa
(
1− u˜
u˜b
)
, u˜ ≥ 0
X˜2
1− σd −M2p
=
2p˜sa
(1 + δ2)
u˜
u˜b
+ 1
ρ˜(1− σd)
(
dΦ˜
du˜
)2
=
2λp˜sa
(1 + δ2)
(
1− u˜
u˜b
)
(48)
Here, a denotes the magnetic axis and b the plasma boundary; δ determines the elongation
of the magnetic surfaces near the magnetic axis; for  > 0 (< 0) the plasma is diamagnetic
(paramagnetic); and λ is a non-negative parameter related with the non-parallel component
of the flow. In addition, we impose that the solution u˜ vanishes on the magnetic axis, u˜a = 0.
With this linearising ansatz the GGS equation (41) reduces to
∆˜∗u˜+
p˜sa
u˜b
[

(1 + δ2)
− ξ2 − ξ4 λ
(1 + δ2)
]
= 0 (49)
which admits the following generalised Solovev solution valid for arbitrary ρ˜, σd and M
2
p :
u˜(ξ, ζ) =
p˜sa
2(1 + δ2)u˜b
[
ζ2(ξ2 − ) + δ
2 + λ
4
(ξ2 − 1)2 + λ
12
(ξ2 − 1)3
]
(50)
This solution does not include enough free parameters to impose desirable boundary condi-
tions, but has the property that a separatrix is spontaneously formed. Thus, we can predefine
the position of the magnetic axis, (ξa = 1, ζa = 0), chosen as normalization point and the
plasma extends from the magnetic axis up to a closed magnetic surface which we will choose
to coincide with the separatrix.
For an up-down symmetric (about the midplane ζ = 0) magnetic surface, its shape can be
characterized by four parameters, namely, the ξ coordinates of the innermost and outermost
points on the midplane, ξin and ξout, and the (ξ, ζ) coordinates of the highest (upper) point
of the plasma boundary, (ξup, ζup) (see Fig. 14). In terms of these four parameters we can
define the normalized major radius
ξ0 =
ξin + ξout
2
(51)
which is the radial coordinate of the geometric center, the minor radius
α˜ =
ξout − ξin
2
(52)
the triangularity of a magnetic surface
t =
ξ0 − ξup
α˜
(53)
11
defined as the horizontal distance between the geometric center and the highest point of the
magnetic surface normalized with respect to minor radius, and the elongation of a magnetic
surface
κ =
ζup
α˜
(54)
Usually, we specify the values of R0, α, t, and κ, instead of (ξin, ξout, ξup, ζup) to characterize
the shape of the outermost magnetic surface. On the basis of solution (50) the latter quantities
can be expressed in terms of , δ, λ. Subsequently, in order to make an estimate of realistic
values for the free parameters , δ and the radial coordinate of the magnetic axis Ra in
connection with the tokamaks under consideration, we employ the relations (51)-(54) to find
(, δ and Ra) in terms of the known parameters (R0, α, t and κ). (For ITER: R0 = 6.2m,
α = 2.0m, κ = 1.7, t = 0.33 / for NSTX: R0 = 0.85m, α = 0.67m, κ = 2.2, t = 0.5). In the
static limit (λ = 0) this estimation procedure can be performed analytically and when the
plasma is diamagnetic we find
 =
(R0 − α)2
R20 + α
2
δ = κ
√
α
R0
Ra =
√
R20 + α
2 (55)
Also, for a diamagnetic equilibrium it holds t = 1 (cf. Fig. 1). The respective relations for a
paramagnetic equilibrium [31] for which ξin = 0 are
 =
(t− 1)4
4(t2 − 2t− 1
δ =
κ
√
2√−t2 + 2t+ 1
Ra =
√
2R0 (56)
Relations (55)-(56) will also be employed to assign values of the free parameters , δ and
Ra for non parallel flows (λ 6= 0) because in this case the above estimation procedure be-
comes complicated. Afterwards, since the vacuum magnetic field at the geometric center of
a configuration is known (ITER: B0 = 5.3T / NSTX: B0 = 0.43T ), we can also estimate its
value on the magnetic axis by using the relation Ba = B0
R0
Ra
, and therefore the value of p˜sa
from the relation p˜sa =
psa
B2a/µ0
, once the maximum pressure for each device is known (ITER:
∼ 106 Pa / NSTX: ∼ 104 Pa).
Thus, we can fully determine the solution u˜ from Eq. (50), as well as the position of
the characteristic points of the boundary and obtain the ITER-like and NSTX-like, diamag-
netic and paramagnetic configurations, whose poloidal cross-section with a set of magnetic
surfaces are shown in Figs. (1)-(3).
We note that by expansions around the magnetic axis it turns out that the magnetic
surfaces in the vicinity of the magnetic axis have elliptical cross-sections (see also [32]-[33]). In
the diamagnetic configurations presented in Figs. (1) and (2) the inner part of the separatrix
is defined by the vertical line ξ =
√
, and, for the NSTX it is located very close to the
12
Figure 1: The static or parallel flow diamagnetic configuration (λ = 0) with ITER-like
characteristics corresponding to  = 0.42, δ = 0.97, p˜sa = 0.049, ξ0 = 0.95, ξin = 0.64,
ξout = 1.26 and α˜ = 0.32.
Figure 2: The static or parallel flow diamagnetic configuration (λ = 0) with NSTX-like
characteristics corresponding to  = 0.03, δ = 1.95, p˜sa = 0.11, ξ0 = 0.78, ξin = 0.17,
ξout = 1.40 and α˜ = 0.62.
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Figure 3: The static or parallel flow paramagnetic configuration (λ = 0) with NSTX-like
characteristics corresponding to  = −0.0089, δ = 2.35, p˜sa = 0.136, ξ0 = 1/
√
2, ξin = 0,
ξout =
√
2 and α = 0.85m.
tokamak axis of symmetry in accordance with the small hole of spherical tokamaks. It may
be noted that such D-shaped configurations are advantageous for improving stability with
respect to the interchange modes because of the smaller curvature on the high field side. On
the other hand, in a paramagnetic configuration the plasma reaches through a corner the axis
of symmetry implying values for the minor radius different from the actual ones, and thus,
such a configuration is not typical for conventional tokamaks. However, a configuration with
a similar corner was observed recently in the QUEST spherical tokamak as a self organized
state [34] (Fig. 5 therein).
B. Hernegger-Maschke-like solution
Since the charged particles move parallel to the magnetic field free of magnetic force,
parallel flows is a plausible approximation. In particular for tokamaks this is compatible with
the fact that the toroidal magnetic field is an order of magnitude larger than the poloidal one
and the same scaling is valid for the toroidal and poloidal components of the fluid velocity.
Also, for parallel flows the problem remains analytically tractable and leads to a generalised
Hernegger-Maschke solution to be constructed below.
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In the absence of the electric field term (ξ4 -term) the GGS equation (41) becomes
∆˜∗u˜+
1
2
d
du˜
(
X˜2
1− σd −M2p
)
+ ξ2
dp˜s
du˜
= 0 (57)
where all quantities have now been normalized with respect to the geometric center. Choosing
the free function terms of Eq. (57) to be quadratic in u˜ as
p˜s(u˜) = p˜2u˜
2
X˜2(u˜)
1− σd(u˜)−M2p (u˜)
= 1 + X˜1u˜
2 (58)
it reduces to the following linear differential equation
∂2u˜
∂ξ2
+
∂2u˜
∂ζ2
− 1
ξ
∂u˜
∂ξ
+ X˜1u˜+ 2p˜2ξ
2u˜ = 0 (59)
The values of the parameters p˜2 and X˜1, will be chosen in connection with realistic shaping
and values of the equilibrium figures of merit, i.e. the local toroidal beta and the safety factor
on the magnetic axis. The solution to Eq. (59) is found by separation of variables,
u˜(ξ, ζ) = G(ξ)T (ζ) (60)
on the basis of which, it further reduces to the following form
1
T (ζ)
d2T (ζ)
dζ2
= − 1
G(ξ)
d2G(ξ)
dξ2
+
1
ξG(ξ)
dG(ξ)
dξ
− X˜1 − 2p˜2ξ2 = −η2 (61)
where η is the separation constant.
Therefore, the problem reduces to a couple of ODEs. The one for the function T is
d2T (ζ)
dζ2
+ η2T (ζ) = 0 (62)
having the general solution
T (ζ) = a1cos(ηζ) + a2sin(ηζ) (63)
with the coefficients a1 and a2 to be determined later. The second equation satisfied by the
function G is
d2G(ξ)
dξ2
− 1
ξ
dG(ξ)
dξ
+ (X˜1 − η2)G(ξ) + 2p˜2ξ2G(ξ) = 0 (64)
Introducing the parameters γ = X˜1, δ = 2p˜2, and % = i
√
δξ2, so that ∂∂ξ = 2i
√
δξ ∂∂% and
∂2
∂ξ2
= 2i
√
δ ∂∂% + 4i
√
δ% ∂
2
∂%2
, Eq. (64) becomes
d2G(%)
d%2
+
[
i
η2 − γ
4
√
δ
1
%
− 1
4
]
G(%) = 0 (65)
Furthermore, if we set ν ≡ iη2−γ
4
√
δ
then Eq. (65) is put in the form
d2G(%)
d%2
+
[
ν
%
− 1
4
]
G(%) = 0 (66)
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Figure 4: The poloidal cross-section for an ITER-like diamagnetic equilibria with a lower
X-point on the basis of Hernegger-Maschke solution.
which is a special case of the Whittaker’s equation for µ = 12 , and thus, it admits the general
solution
G(%) = b1Mν, 1
2
(%) + b2Wν, 1
2
(%) (67)
Here, Mν,µ and Wν,µ are the Whittaker functions, which are independent solutions of the
homonemous differential equation. Consequently, a typical solution of the original equation
(59) is written in the form
u˜(%, ζ) =
[
b1Mν, 1
2
(%) + b2Wν, 1
2
(%)
]
[a1cos(ηζ) + a2sin(ηζ)] (68)
For further treatment it is convenient to restrict the separation constant η to positive integer
values j. Therefore, by superposition the solution can be expressed as
u˜(%, ζ) =
∞∑
j=1
[
ajMνj , 12 (%)cos(jζ) + bjMνj ,
1
2
(%)sin(jζ) + cjWνj , 12 (%)cos(jζ) + djWνj ,
1
2
(%)sin(jζ)
]
(69)
Following the analysis given in Appendix A we fully specify the solution (69) and construct
the diverted equilibrium with ITER-like characteristics shown in Fig. (4). Note that the
magnetic axis is located outside of the midplane ζ = 0 at (ξa = 1.05815, ζa = 0.0159088).
In a similar way we constructed NSTX-Upgrade-like equilibria (R0 = 0.93m, α = 0.57m,
B0 = 1.0T , κ = 2.5, and t = 0.3) on the basis of the extended Hernegger-Maschke solution,
shown in Fig. (5). The magnetic axis of the respective configuration is located at the position
(ξa = 1.19012, ζa = 0.0511745), while the flux function on axis takes the value u˜
∗
a = 0.948259.
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Figure 5: An NSTX-U-like diamagnetic equilibrium configuration for values of the free
parameters p˜2 = 4.825, X˜1 = −0.65.
IV. EFFECTS OF ANISOTROPY AND FLOW ON EQUILIBRIUM
To completely determine the equilibrium we choose the plasma density, the Mach function
and the anisotropy function profiles to be peaked on the magnetic axis and vanishing on the
plasma boundary. Specifically, for the Solovev solution we choose: ρ˜(u˜) = ρ˜a
(
1− u˜u˜b
)1/2
,
M2p (u˜) = M
2
pa
(
1− u˜u˜b
)µ
and σd(u˜) = σda
(
1− u˜u˜b
)n
with ρ˜a and u˜b constant quantities, while
for the Hernegger-Maschke solution we choose: ρ˜(u˜) = ρ˜a
(
u˜
u˜a
)1/2
, M2p (u˜) = M
2
pa
(
u˜
u˜a
)µ
,
σd(u˜) = σda
(
u˜
u˜a
)n
, with ρ˜a and u˜a constant quantities, respectively. It is noted here that the
above chosen density function, peaked on the magnetic axis and vanishing on the boundary is
typical for tokamaks. Also, the Mach function adopted having a similar shape is reasonable
at least in connection with experiments with on axis focused external momentum sources.
The functions ρ˜, M2p and σd chosen depend on two free parameters; their maximum on axis
and an exponent associated with the shape of the profile; the exponent of the function M2p ,
connected with flow shear, is held fixed at µ = 2.
The value of Mpa depends on the kind of tokamak (conventional or spherical). On account
of experimental evidence [35, 36], the toroidal rotation velocity in tokamaks is approximately
104 − 106ms−1 which for large conventional ones implies M2pa ∼ 10−4, while the flow is
stronger for spherical tokamaks (M2pa ∼ 10−2) [29]. In addition, from the requirement of pos-
itiveness for all pressures within the whole plasma region, we find that the pressure anisotropy
parameter σda takes higher values on spherical tokamaks than in the conventional ones, as
shown on Table I; also it must be n ≥ 2. An argument why the flow and pressure anisotropy
are stronger in spherical tokamaks is that in this case the magnetic field is strongly inhomo-
geneous, as the aspect ratio is too small. In contrast, for the generalised Hernegger-Maschke
equilibrium the pressure anisotropy takes a little higher values on ITER rather than on the
NSTX-U tokamak, and this may be attributed to a peculiarity of this solution.
When the plasma is diamagnetic the toroidal magnetic field inside the plasma decreases
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Diamagnetic Paramagnetic
ITER NSTX ITER NSTX
Parallel flow (λ = 0) 0.08 0.11 0.089 0.12
Non-parallel flow (λ = 0.5) 0.10 0.13 0.094 0.13
Table I: Approximate maximum permissible values of the free parameter σda for the
extended Solovev solution in connection with the non negativeness of pressure.
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Figure 6: The paramagnetic action of pressure anisotropy through the parameter σda on
diamagnetic ITER-like equilibria with field-aligned flow, on the midplane ζ = 0, for the
extended Solovev solution. This result also holds for Hernegger-Maschke-like equilibria and
paramagnetic plasmas, as well as for non-parallel flow.
from its vacuum value, and consequently the profile of the function I˜ is expected to be hollow
(B˜φ =
I˜
ξ ). As shown in Fig. (6), as σda becomes larger the field increases, and for sufficient
high σda it becomes peaked on the magnetic axis. This means that increasing pressure
anisotropy acts paramagnetically in terms of its maximum value on axis, σda . Additionally,
plasma flow through M2pa also acts paramagnetically, but its effects are weaker than that of
pressure anisotropy, as shown in Fig. (7). On the other side, pressure anisotropy may also
act diamagnetically through the shaping parameter n when σda is fixed [cf. Fig. (8)].
For the extended diamagnetic Solovev solution, in the static and isotropic case the toroidal
current density monotonically increases from ξin to ξout:
J˜φ = 1.548ξ − 0.333
ξ
(70)
When anisotropy is present, there are three regions where J˜φ displays different behavior: for
ξin < ξ < ξ1 and ξ2 < ξ < ξout it decreases, while for ξ1 < ξ < ξ2 it increases, compared with
the isotropic case, as shown in Fig. (9). When the plasma is paramagnetic, J˜φ sharply falls
off near the axis of symmetry, and then behaves diamagnetic-like. In contrast, the extended
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Figure 7: The additive paramagnetic action of anisotropy and flow on NSTX-like
diamagnetic equilibria, on the midplane ζ = 0. We note that anisotropy (red-dashed-dotted
curve) has a stronger impact than the flow (Blue Dotted curve) on equilibrium. The
maximum paramagnetic action is found when both anisotropy and flow are present
(green-straight curve).
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Figure 8: Raising the free parameter n of the anisotropy function, decreases the toroidal
magnetic field in the off-axis region, leading to a diamagnetic action.
Hernegger-Maschke solution has a more realistic J˜φ profile peaked on the magnetic axis and
vanishing on the boundary. In this case J˜φ slightly increases with anisotropy.
Furthermore, in the presence of pressure anisotropy the poloidal component J˜ζ of the
Solovev and the radial J˜ξ of the Hernegger-Maschke solution, present two extrema on the
plane (ζ = ζa) containing the magnetic axis with their absolute values to be increasing with
σda [Fig. (10)]. For fixed σda , the higher n is the closer to the magnetic axis are located the
extrema.
The Solovev toroidal velocity is expressed as
v˜φ =
I˜
ξ
Mp√
ρ˜
− ξ
√
1− M
2
p
1− σd
(
2λp˜sa
ρ˜(1 + δ2)
(
1− u˜
u˜b
))1/2
(71)
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Figure 9: Diamagnetic ITER-like J˜φ(σda) on the midplane ζ = 0, for λ = 0, on the basis of
the Solovev-like solution. For non-parallel flow the intersection points are displaced a little
closer to the magnetic axis.
Thus, for parallel flow the second term in Eq. (71) vanishes and v˜φ behaves like I˜ as concerns
its dependence on M2pa , σda and n. We can see the increase of the maximum value of the
toroidal velocity with σda , displaced on the left side of the magnetic axis, in Fig. (11), for
an ITER-like diamagnetic configuration. For the NSTX the impact of anisotropy on v˜φ is
qualitatively similar but quantitatively slightly stronger because of the higher values of σda .
This behavior holds for the Hernegger-Maschke-like solution. For non parallel flow v˜φ changes
sign because of the negative second term in Eq. (71).
When the plasma is paramagnetic v˜φ reverses near the axis of symmetry and then behaves
as the diamagnetic one to the right of the reversal point, as shown in Fig. (12). In spherical
tokamaks the reversal point is displaced closer to the magnetic axis and v˜φ remains positive in
a larger region than in the conventional ITER-like one. Reversal of v˜φ during the transition
to improved confinement regimes have been observed in ASDEX Upgrade [37] and in LHD
[38].
Pressure anisotropy has an appreciable impact on the various pressures, with p˜‖ increasing,
while p˜⊥ and < p˜ > decreasing with σd as expected by Eqs. (10)-(12). For a Solovev-
like diamagnetic equilibrium the ratio of the scalar pressures parallel and perpendicular to
the magnetic field is approximately equal for the two kinds of tokamak:
(
p˜‖
p˜⊥
)
ITER
≈ 1.227,(
p˜‖
p˜⊥
)
NSTX
≈ 1.099. In addition, the ratio of the maximum values of the average pressures for
these two tokamaks is <p˜>NSTX
<p˜>ITER
≈ 2.17. For a Hernegger-Maschke-like diamagnetic equilibrium,
the respective ratios are:
(
p˜‖
p˜⊥
)
NSTX−U
≈ 1.08 and
(
p˜‖
p˜⊥
)
ITER
≈ 1.5. Also, for this equilibrium we
found <p˜>NSTX−U
<p˜>ITER
≈ 2.73, a ratio that approaches the respective Solovev one.
As expected by Eqs. (11) and (12) the flow has a slightly stronger impact on p˜ than
pressure anisotropy, as also shown in Fig. (13). At last, the rest of the equilibrium quantities
and confinement figures of merit as the local toroidal beta on axis and the safety factor are
almost insensitive to anisotropy.
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Figure 10: Variation of the poloidal components of current density for ITER-like
diamagnetic equilibria in the presence of pressure anisotropy: (a) J˜ζ on the midplane ζ = 0
on the basis of the extended Solovev solution, (b) J˜ξ on the plane ζ = ζa on the basis of the
extended Hernegger-Maschke solution.
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Figure 11: Diamagnetic ITER-like v˜φ(σda) profile for λ = 0.
V. CONCLUSIONS
A generalised Grad-Shafranov equation [Eq. (29)] governing axisymmetric plasma equilib-
ria in the presence of pressure anisotropy and incompressible flow was derived. This equation
recovers known GS-like equations governing static anisotropic equilibria and isotropic equi-
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Figure 12: Paramagnetic v˜φ on the midplane ζ = 0 for NSTX-like equilibria with
non-parallel flow for λ = 0.5.
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Figure 13: The influence of pressure anisotropy against the flow on p˜ on the midplane
ζ = 0, for the NSTX diamagnetic equilibria with parallel flow (λ = 0). When the flow is
present the overall effective pressure decreases from its static value, while the presence of
pressure anisotropy does not have an important effect on it. The maximum attainable values
for the parameters M2pa and σda used are imposed by the non negativeness of pressure.
libria with plasma flow. Also for static isotropic equilibria the equation is reduced to the
usual well known GS equation. The derivation was based on a diagonal pressure tensor with
one element parallel to the magnetic field, p‖, and two equal perpendicular ones, p⊥. As a
measure of the pressure anisotropy we introduced the function σd = µ0
p‖−p⊥
B2
, assumed to be
uniform on magnetic surfaces, while the flow was expressed by the poloidal Alfve´nic Mach
function Mp =
vpol
vApol
, where vApol is the Alfve´n velocity. The form of the equation containing
the sum M2p + σd indicates that pressure anisotropy and flow act additively with the only
exception the electric field term. In addition we derived a generalised Bernoulli equation [Eq.
(28)] involving the effective isotropic pressure p =
p‖+p⊥
2 .
On the basis of a simpler form of the GGS equation obtained by a generalised transforma-
tion, the transformed equation was linearised and solved for appropriate choices of the free
functions appearing in it. Specifically, an extended Solovev solution describing configurations
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with the plasma boundary coinciding with a seperatrix, and an extended Hernegger-Maschke
solution with a fixed boundary possessing an X-point imposed by appropriate boundary con-
ditions, were derived. Employing these solutions, ITER, NSTX and NSTX-U-like equilibria
for arbitrary flow, both diamagnetic and paramagnetic, were constructed. In addition, we
examined the impact of anisotropy -through the parameters σda and n, defining the maxi-
mum value and the shape of the function σd- and flow -through the Alfve´nic Mach number
M2pa defining the maximum of the function M
2
p - on the equilibria constructed and came to
the following conclusions.
Pressure anisotropy has a stronger impact on equilibrium than that of the flow because
the maximum permissible values of σda are in general higher than the respective M
2
pa ones,
with the effects of the flow to be more noticeable in the spherical tokamaks. In addition,
both anisotropy and flow through the parameters σda and M
2
pa have an additive paramag-
netic impact on equilibrium, with stronger paramagnetic effects in spherical tokamaks, while
anisotropy through n acts diamagnetically. Furthermore, pressure anisotropy has an appre-
ciable impact on equilibrium quantities such as the current density, the toroidal velocity and
the parallel and perpendicular pressures, while p is slightly affected by the pressure anisotropy
and more by the flow.
On the basis of the GGS obtained in this study one can develop a code to solve the prob-
lem for arbitrary choices of the free functions involved in order to deal with experimental
equilibrium profiles or extend existing codes, e.g. the isotropic HELENA code for incom-
pressible parallel flows [39]. Also, it is interesting to extend the papers on static equilibria
with reversed current density [40]-[44] in the presence of incompressible flow and pressure
anisotropy. In addition, the study can be extended for the more general case of helically
symmetric equilibria.
Let us finally note that complete understanding of the equilibrium with plasma flow and
pressure anisotropy requires substantial additional work in connection with compressibility,
alternative potentially more pertinent physical assumptions on the functional dependence of
the anisotropy function σd and more realistic numerical solutions. However, in these cases
the reduced equilibrium equations are expected to be much more complicated compared with
the relative simple GGS derived in the present study which contributes to understanding the
underlying physics.
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Appendix A:
Details for the construction of the diverted equilibrium of Fig. (4)
In order to make the analysis more convenient, we factorize (69) with respect to the co-
efficient a1, so that the system of algebraic equations that will be derived from the imposed
boundary conditions to be inhomogeneous and therefore easier to be solved numerically:
u˜ = a1
{
Mν1, 12 (%)cos(ζ) +
b1
a1
Mν1, 12 (%)sin(ζ) +
c1
a1
Wν1, 12 (%)cos(ζ) +
d1
a1
Wν1, 12 (%)sin(ζ)
+
N∑
j=2
[
aj
a1
Mνj , 12 (%)cos(jζ) +
bj
a1
Mνj , 12 (%)sin(jζ) +
cj
a1
Wνj , 12 (%)cos(jζ) +
dj
a1
Wνj , 12 (%)sin(jζ)
]
(A1)
Now, by setting a∗j =
aj
a1
, b∗j =
bj
a1
, c∗j =
cj
a1
, and d∗j =
dj
a1
, then the solution can be expressed
as
u˜(%, ζ) = a1u˜
∗(%, ζ) (A2)
where
u˜∗(%, ζ) =
N∑
j=1
[
a∗jMνj , 12 (%)cos(jζ) + b
∗
jMνj , 12 (%)sin(jζ) + c
∗
jWνj , 12 (%)cos(jζ) + d
∗
jWνj , 12 (%)sin(jζ)
]
(A3)
with a∗1 = 1.
An up-down asymmetric boundary consisting of a smooth upper part and a lower part
that possesses an X-point, is described by the parametric equations introduced in [45], with
its boundary being represented by the following characteristic points shown in Fig. (14):
Inner point : (ξin = 1− αR0 , ζin = 0)
Outer point : (ξout = 1 +
α
R0
, ζout = 0)
Upper point : (ξup = 1− t αR0 , ζup = κ αR0 )
Lower X-point : (ξx = 1 +
α
R0
cos[pi − tan−1(κt )], ζx = −κ αR0 )
In order to calculate the unknown coefficients of the solution we will impose the condition
that u˜∗ vanishes on the boundary. Function u˜∗ is in general complex, and since it satisfies
the GGS equation, then both its real and imaginary parts are also solutions of this equation.
Here, following Ref. [46] we will work with the imaginary part of the flux function. So the
first four conditions are:
Im[u˜∗(ξin, ζin)] = Im[u˜∗(ξout, ζout)] = Im[u˜∗(ξup, ζup)] = Im[u˜∗(ξx, ζx)] = 0 (A4)
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Figure 14: Characteristic points determining an up-down asymmetric boundary, described
by the parametric equations given in [45].
In addition, five boundary conditions related with the first derivative of these characteristic
points are imposed:
Im[u˜∗ζ(ξin, ζin)] = Im[u˜
∗
ζ(ξout, ζout)] = Im[u˜
∗
ξ(ξup, ζup)] = Im[u˜
∗
ζ(ξx, ζx)] = Im[u˜
∗
ξ(ξx, ζx)] = 0
(A5)
where, u˜∗ζ =
∂u˜∗
∂ζ , and u˜
∗
ξ =
∂u˜∗
∂ξ . The above conditions guarantee smoothness of the curve
at the characteristic points; particularly, the curve is imposed to be perpendicular to the
midplane. Furthermore, there exist three other conditions introduced in [47], that involve the
second derivatives of u˜∗ related with the curvature of the boundary curve in the characteristic
points. These are:
Im[u˜∗ξξ(ξup, ζup)] =
κ
εcos2w1
Im[u˜∗ζ(ξup, ζup)] (A6)
Im[u˜∗ζζ(ξin, ζin)] = −
(1− w1)2
εκ2
Im[u˜∗ξ(ξin, ζin)] (A7)
Im[u˜∗ζζ(ξout, ζout)] =
(1 + w1)
2
εκ2
Im[u˜∗ξ(ξout, ζout)] (A8)
where the parameter w1 relates to the triangularity of the boundary, sinw1 = t. Thus, for
ITER-like characteristics, by setting jmax = 4 and choosing the free parameters p˜2 = 19.5,
X˜1 = −0.3, by the imposition of the above conditions we find the values for the unknown
coefficients presented on Table II.
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Coefficient Values
a∗1 1 c
∗
1 2.2319
a∗2 -0.625449 c
∗
2 -1.82077
a∗3 0.13783 c
∗
3 0.52774
a∗4 -0.0166821 c
∗
4 -0.0657547
b∗1 11.2021 d
∗
1 29.2229
b∗2 -4.93763 d
∗
2 -20.6201
b∗3 1.23997 d
∗
3 10.462
b∗4 -0.117724 d
∗
4 -2.64276
Table II: Values of the coefficients of the solution u˜∗ for an ITER-like diamagnetic
configuration.
Once the solution u˜∗(ρ, ζ) is fully determined, we can find the position of the magnetic
axis, by solving the equations Im[u˜∗ξ ] = 0 and Im[u˜
∗
ζ ] = 0 located outside of the midplane
ζ = 0 at (ξa = 1.05815, ζa = 0.0159088). Subsequently, with the aid of Eq. (45) we impose
the condition qa = 1.1, just for the Kruskal-Shafranov limit to be satisfied, implementation
of which gives a1 = 1.07751. Thus, solution u˜ is fully determined, with its value on axis to
be u˜a = −0.0416752. Closed magnetic surfaces associated with u˜-contours of the equilibrium
configuration are shown in Fig. (4).
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